A Publication of The Association of Bone and Joint Surgeons® clinical decision-making. Many but not all patients with ALTR, including those with pseudotumors, demonstrate high wear, but more data and more systematic descriptions of the histopathology are needed to define the amount of wear that induces adverse reactions.
Abstract
Background Metal-on-metal (MoM) total hip arthroplasties (THAs) and the head-neck and neck-body junctions in modular THA are associated with a variety of local and systemic reactions to their related wear and corrosion products. Although laboratory testing is available, the relationship between laboratory values-including serum metal ion levels-and adverse local tissue reactions (ALTRs) remains controversial and incompletely characterized. Questions/purposes (1) What is the range of serum metal levels associated with ALTR in patients who have MoM THAs or corrosion at the head-neck and neck-body junctions in metal-on-polyethylene (or ceramic-on-polyethylene) THAs? (2) How much wear occurs in patients with MoM total hips? (3) Is there evidence of a doseresponse relationship between wear and ALTR? Methods PubMed and Embase databases were reviewed for English-language studies assessing serum metal levels in the presence of ALTR and papers describing the results of wear measurements from revised MoM implants and ALTR histopathology were systematically reviewed. Reported linear wear data were separated into groups with ALTR and without ALTR as listed in individual papers and graphed to determine whether a dose-response relationship was present between wear and ALTR. Overall, 15 studies including 338 hips with ALTR with corresponding serum metal levels were identified and analyzed. Twelve studies reported the wear depth or volume of MoM components from patients with a variety of local reactions. Two studies investigated corrosion at the head-neck and neck-body junctions in metal-on-polyethylene THA. There was a high level of variability and study heterogeneity, and so data pooling (meta-analysis) could not be performed. Results Average reported metal concentrations were elevated above established normal values in patients with ALTR (cobalt concentrations ranged from 5 to 40 ppb, and chromium levels ranged from 5 to 54 ppb). Whereas several studies demonstrated that patients with ALTR had higher average linear wear of the bearing surfaces, this finding was not made in all studies that we identified in this systematic review. Because of this high degree of variability, no clear dose-response relationship between wear and ALTR could be established. Conclusions Serum metal level analysis and implant retrieval analysis both contribute to the understanding of ALTR. Serum metal levels generally are elevated in the presence of ALTR but should not be used in isolation for One of the authors (JJJ) certifies that he has or may receive payments or benefits, during the study period, an amount of USD 10,000 to USD 100,000 from Medtronics Sofamor Danek (Memphis, TN, USA), an amount of USD 10,000 to USD 100,000 from Nuvasive (San Diego, CA, USA), and an amount of USD 10,000 to USD 100,000 from Zimmer (Warsaw, IN, USA). One of the authors (PAC) certifies that she has or may receive payments or benefits, during the study period, an amount of USD 10,000 to USD 100,000 from DePuy (Warsaw, IN, USA). The institution of one of the authors (PAC) has received, during the study period, funding from DePuy. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research 1 editors and board members are on file with the publication and can be viewed on request.
Introduction
Technological advances in tribology, material composition, implant design, and polyethylene manufacturing have together provided durable fixation, improved stability, and low wear rates in THA. However, over the last decade, the use of metal-on-metal (MoM) THA, MoM hip resurfacing as well as modular head-neck and neck-stem components with a range of bearing materials have resulted in an increase of local and circulating metal products [11, 13, 22] . Metal deposition into periprosthetic soft tissues and the resulting biological responses can present with a broad array of laboratory and imaging findings from no detectable abnormalities to a variety of complications including elevated serum metal levels with adverse local tissue reactions (ALTRs) including necrosis [16] , inflammation [26, 38] , and tumor-like masses (pseudotumors) [2, 25, 34] .
Although ALTR can often be diagnosed by metal artifact reduction sequence (MARS)-MRI, it is clear that not all patients with high ions and high wear develop adverse reactions [6, 7, 12, 16] . The reported frequency of ALTR in MoM hips is variable and the prevalence at long-term followup or with other THA bearing couples is unknown. Whether there is a threshold level of metal tribocorrosion that leads to an ALTR or whether there is a threshold level of blood metal concentration that is diagnostic of an ALTR has not been determined and is the subject of ongoing investigation. Techniques to accurately measure the levels of metals including cobalt, chromium, and titanium in the serum have been well established in the literature with successful clinical application [21, 22, 27, 40] . The risk of ALTR with MoM THA has been reported to correlate with the serum metal levels, but the overall clinical and prognostic value of these levels remains controversial and without clear cutoff values [20] . Similarly, improvements in the methodology of implant wear measurements have led to more data on the wear depths and wear volumes from retrieved implants. Retrieval analyses have examined correlations between implant wear and patient metal levels [10, 18, 19, 26, 29, 30] but how the amount of wear and circulating metal levels correspond with the type and nature of ALTR is poorly understood.
We therefore sought to determine (1) what is the range of serum metal levels associated with ALTR in patients who have MoM THAs or corrosion at the head-neck and neck-body junctions in metal-on-polyethylene or ceramicon-polyethylene THAs? (2) How much wear occurs in patients with MoM total hips? (3) Is there evidence of a dose-response relationship between wear and ALTR?
Search Strategy and Criteria

Metal Levels
PubMed and Embase-indexed studies up to February 2014 regarding ALTR with reported serum metal levels were identified, summarized, and critically evaluated ( Fig. 1 ). This electronic search was supplemented by a manual search in the reference lists of the included papers. Conference proceedings were not included in our search. The type of implant-bearing surface, patient characteristics, reported metal levels, and study quality characteristics were analyzed. Only studies in English language reporting ALTR and metal levels were included in the review. Search strings included various combinations of the terms arthroplasty, adverse local tissue reaction, pseudotumor/pseudotumour, hip, replacement, prosthesis, modular, resurfacing, metalon-metal/metal on metal, and metal ions.
Serum metal levels in patients with reported ALTR, mostly in the form of pseudotumors, were reported in 13 studies evaluating MoM-bearing implants and two studies investigating corrosion at the head-neck and neck-body junctions in metal-on-polyethylene THA ( Table 1) . A total of 338 THAs demonstrating ALTR among all 15 studies were evaluated. Of these 15 studies, six were prospective studies related to ALTR with reported serum metal levels and nine were retrospective studies.
Metal-on-metal Wear
PubMed and Embase databases were used to search for papers that included the text words or keywords hip (with the Boolean search term) AND wear AND retrieval ( Fig. 2 ). From the 347 preliminary search results, 226 duplicates and 16 reviews were excluded leaving 105 original articles. The authors chose to focus this review on MoM implants because of the current concerns of ALTR in some of these failed implants. There were 35 papers that reported retrieval analysis of MoM hips, but to answer the question regarding wear in these bearings, the papers that did not measure wear were excluded. Papers that reported tissue reactions associated with taper wear only were excluded. Bibliographies of the selected papers were checked and additional studies were added for a total of 26. No conference proceedings were included in our search.
Dose-response Between Wear and ALTR
Lastly, to address the third question about wear doseresponse, we excluded articles that did not specifically provide an incidence of ALTR in the MoM wear cohort being described. Twelve studies satisfied the last level review, including 10 in which detailed histological analysis was reported ( Table 2) . These papers were further reviewed to determine if a possible dose-response relationship between ALTR incidence and wear measurement was examined or reported. Individual papers were reviewed and those that provided linear wear data for the ALTR and non-ALTR patients were further analyzed. Papers reporting wear with pseudotumors and without pseudotumors were compared in a separate analysis. We calculated the weighted average of the linear wear rates based on the number of hips in each group as listed in the individual papers and plotted the resulting distribution. There was a high level of variability and study heterogeneity, and so data pooling (meta-analysis) could not be performed on any of the three research questions.
Results
THAs with MoM bearings in the identified studies that demonstrated ALTR had a cobalt concentration of 5 to 40 ppb, which was elevated compared with metal levels in well-functioning implants (range, 2-3 ppb; Table 1 ). Chromium levels were also elevated in patients with ALTR and MoM bearings (5-54 ppb) compared with patients who had well-functioning implants (2-3 ppb). As a point of comparison, the Mayo Clinic metal testing web site reports reference values of serum cobalt metal levels to be \ 1 ppb in the general population and \ 10 ppb for wellfunctioning MoM bearings, whereas chromium reference metal levels are given as \ 1 ppb for the general population and for well-functioning MoM implants [31] ; however, many of the source studies in our systematic review did not list the reference values they used. The metal levels decreased markedly after revision surgery. In the two reports of ALTR around modular junctions in metal-on-polyethylene or ceramic-on-polyethylene THA, average serum levels of cobalt and chromium were 10 ppb cobalt and 1 ppb chromium for poor-functioning implants and 6 ppb cobalt and 0.6 ppb chromium for well-functioning implants [8, 9] . The reference range values of cobalt and chromium in patients with metal-on-polyethylene THA were cited to be 0.16 and 0.24 ppb, respectively, by those authors.
Among MoM hips revised for ALTR, a large range of linear and volumetric wear was reported in association with ALTR ( Table 2 ). Most retrieval studies were not designed to compare the wear of THAs with and without various forms of ALTR, but two studies reported higher component wear in THAs revised with pseudotumor compared with All metal ion levels in ppb unless otherwise noted; *median values listed; ALTR = adverse local tissue reaction; MoM = metal on metal; ALVAL = acute lymphocytic vasculitis-associated lesion; ARMD = adverse reactions to metal debris. those without pseudotumor [15, 16] . By contrast, Ebramzadeh et al. [12] demonstrated that neither the femoral head nor the acetabular cup wear rates in 43 patients with pseudotumor were statistically significantly different from 310 patients without pseudotumor. Nawabi et al. [36] reported a lower amount of wear in 35 hips revised for unexplained pain compared with 59 revised for other causes including pseudotumor and acetabular malposition ([ 70°of abduction). The unexplained pain group had a higher median acute lymphocytic vasculitis-associated lesion (ALVAL) score than the other revision group, which the authors interpreted as an indication of metal sensitivity in those patients. We were not able to infer a clear dose-response between the amount of wear and the periprosthetic histology. Ten papers used a semiquantitative rating scale such as the ALVAL score [6, 16] or the grading method of Willert et al. [42] to describe the histology of the periprosthetic tissues. These studies found inconsistent relationships between component wear and histological features. Two studies reported weak negative correlations between AL-VAL scores and component wear in patients with suspected metal sensitivity [6, 36] . The patients in these studies had high ALVAL scores ([ 5), indicating more inflammation and the presence of lymphocyte-dominated tissue with a low incidence of wear, suggesting the possibility of an idiosyncratic hypersensitivity reaction to metal. Grammatopoulos et al. [16] found higher ALVAL scores in patients with pseudotumors and a moderately positive correlation between wear and the histological rankings for tissue necrosis and lymphocytic response.
Discussion
MoM THAs and the head-neck and neck-body junctions in metal-on-polyethylene or ceramic-on-polyethylene THAs are associated with a variety of local and systemic reactions to their related wear and corrosion products. Although laboratory testing is available, the relationship between laboratory values-including serum metal ion levels-and ALTRs remains controversial and incompletely characterized. We therefore performed a systematic review to determine (1) what serum metal levels are associated with ALTR; (2) how much wear occurs in patients with MoM total hips; and (3) if there is evidence of a dose-response relationship between wear and ALTR.
In both arms of this review, heterogeneity of terminology, methodology, and outcome reporting were major limitations to drawing conclusions from the literature. The Fig. 2 The flowchart summarizes the search process for inclusion and exclusion of publications, ending with the final set of selected studies reporting implant wear measurements with incidence of ALTRs. term ALTR encompassed a variety of complications including pseudotumor, metal sensitivity (often referred to as ALVAL), and, in a small number of patients, osteolysis or metallosis, but the histological nature of the adverse reaction being reported was often not clearly defined. Furthermore, not all of the studies identified cohorts with and without ALTR so it was often not possible to compare metal levels or retrieval findings between the two. Lastly, factors other than wear or metal sensitivity were rarely included as possible factors influencing local tissue reactions. The overall frequency of ALTR in the total hip or hip resurfacing population is unknown and it may remain difficult to determine the frequency without a consensus regarding the definition of these complications. In a recent meta-analysis of MoM bearings, the incidence of pseudotumor or metal sensitivity/ALVAL was 0.9% of 13,898 MoM hips [41] . The metal levels reported in the studies we found in MoM THAs with ALTR generally were higher than the levels found in well-functioning implants. Most of the 15 selected studies reported serum chromium and/or cobalt levels in patients with ALTR whose ion levels exceeded 7 ppb, which is the United Kingdom Medicines and Healthcare products Regulatory Agency-recommended level for additional patient followup [32] . Other authors have identified lower metal levels associated with the risk of ALTR. Bisschop et al. [4] found that the chance of having a pseudotumor was significantly higher (odds ratio, 4.9) in patients with an elevated serum cobalt level [ 85 nM/L (5.5 ug/L or ppb). An increase in cobalt or chromium ions of 1 ppb increased the chance of pseudotumor by 1. Chang et al. [7] reported a threshold of 5 ppb for abnormal metal ion levels associated with pseudotumors. However, no associations between abnormal metal ion levels and patient symptoms, prosthetic femoral head size, or acetabular cup inclination for MoM THA were found. Hart et al. [19] reported that the optimal cutoff for the maximum cobalt or chromium level associated with unexplained failures of MoM hips to be 5 ppb with a sensitivity of 63% and specificity of 86% to predict failure, including, presumably, from ALTR, although this was not specifically studied. A recent informational statement published on the American Academy of Orthopaedic Surgeons' web site [1] agreed with this suggested cutoff level of 5 ppb.
Two of the papers we identified examined metal ions and ALTR in polyethylene-on-metal or polyethylene-onceramic bearing hips [8, 9] . In both studies, patients presented with new-onset and increasing pain typically within 1 year of primary surgery. The prerevision metal levels were elevated compared with reference values and values in well-functioning implants, particularly for cobalt. The intraoperative findings at revision included fluid collections or pseudotumors. The retrieval findings included modular taper corrosion and histological features comparable to changes seen around some MoM total hips such as the loss of synovium and extensive lymphocytic inflammation. The authors concluded that the taper corrosion was the source of metal that led to these adverse reactions. The metal levels in these revised patients declined in the months after revision. Langton et al. [26] noted that not all patients with adverse reactions to metal debris (ARMD), which included soft tissue necrosis or pseudotumor formation, could be explained by component wear and they proposed that some patients with ARMD occurring in modular total hips were associated with the corrosion products of taper damage. They measured a range of taper wear from 0.07 to 3 mm 3 per year. Although there is a large number of implant retrieval reports of failed MoM implants, only a relatively small number examined correlations between wear and the frequency of ALTR or the histological features of the tissues. This is consistent with the observations by Ebramzadeh et al. [12] that the majority of MoM implants are revised for mechanical failures and not for ALTR. A wide range of bearing wear rates was reported in the selected retrieval studies, reflecting a variety of different implant designs, times to revision, and modes of failure. Wear rates were reported to be higher in THAs that failed with pseudotumors, malpositioned cups, and metallosis. Several studies have reported a positive correlation between wear rate and increased serum chromium and cobalt levels [11, 16, 25, 38] and increased metal debris in histology [36] ; however, the presence of outliers with high wear or high ions but without a pseudotumor or with low wear or low metal levels and with a pseudotumor was noted in several papers [2, 6, 12, 15] . The inclusion of patients with cup malposition and high wear as well as patients with metal hypersensitivity in which component wear may be low could explain this observation. Many of the selected papers noted that metal hypersensitivity was a likely cause of ALTR in patients with failed MoM implants [12, 15, 33, 37] . In one study, a positive correlation of wear and metal deposition was found [36] . The contribution of metal wear from taper corrosion could also explain the lack of correlation between ALTR and wear. Retrieval studies in which modular taper junctions are being scored for corrosion damage or measured for material lost through wear or corrosion have been recently reported and such studies are likely to provide important new information [3, 14, 23, 26, 29] . The inclusion of nonwear variables such as mechanical tissue damage from impingement or implant loosening may also be informative in understanding the full spectrum of local tissue reactions to arthroplasty devices.
The high degree of variability in both component wear and periprosthetic tissue histology among the studies suggests that a clear threshold level or dose of metal cannot yet be linked to the etiology of ALTR. This is not surprising because there is clear agreement within the literature that differences in individual patient reactivity to implant wear products are likely the key in determining the risk of ALTR [30] . Whether patient reactivity can be related to the innate versus the adaptive immune response as suggested by Grammatopoulos et al. [16, 17] or to the nature of the metal products as suggested by Lohmann et al. [28] will require more detailed histological analyses of periprosthetic tissues in future studies. Rather than focusing only on wear depth or wear volume, future studies may find a more sensitive variable with which to examine correlations with clinical or histological outcomes, which may include factors other than wear.
In summary, the results of these literature reviews support that metal levels and implant retrieval are useful to the understanding of ALTR. Although there is no clear evidence of a dose-response, higher wear is associated with a higher frequency of adverse reactions and efforts to understand the implant, surgical, and patient factors leading to high wear should be continued.
